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Abstract
A 0.5-meter focal length, plane grating mono-
chromator was used to measure the radiance of spec-
tral radiation emanating from regions downstream of
a mercury bombardment thruster. The wavelength
range investigated was 2800 to 6000 X. This radi-
ation was due primarily to the radiative decay of
excited mercury atoms exhausted from the thruster.
Radiance values ranged from 10~H to 10~9 W/cm^
 sr,
varying with wavelength. For resonant radiation,
the spectral radiance may exceed 10~" W/cm^ sr.
From such radiance measurements, it was concluded
that the thruster background radiation should not
interfere with the control functions of a star
tracker viewing through the thruster exhaust, pro-
vided that the tracker is designed to operate with
a sufficiently small field of view. Problems may
be encountered, however, during the spacecraft ac-
quisition phase where a larger field of view may be
required. Here the thruster exhaust radiation may
be comparable to the star light flux. This problem
may be circumvented by locating the tracker view
axis so as not to view downstream of the thruster.
Introduction
Electric propulsion systems are presently
being considered for use on proposed spacecraft
such as the Applications Technology Satellite
(ATS), Pioneer G and H, and the Communication Tech-
nology Satellite (CTS, to be launched in a joint
program between Canada and the U.S.). These space-
craft may use optical systems either for guidance
and attitude control (star trackers) or as part of
the science package to measure UV and IR radiation.
Depending on the location of such systems with re-
spect to the ion thrusters, radiation emanating
from the thrusters could interfere with the opera-
tion of these optical devices. Recently, it has
been suggested that photo-excitation by sunlight of
expelled unionized propellant from cesium ion
thrusters may scatter radiation into the tracking
system. ^ '
In an earlier work(2) as well as in the pres-
ent work, it is proposed that a more serious prob-
lem than photoexcitation by sunlight may be
thruster produced spontaneous emission of excited
atoms in regions downstream of a mercury bombard-
ment thruster. In the present study, spectral ra-
diances were obtained at a fixed detector (mono-
chromator) position relative to two thruster loca-
tions as shown in Fig. 1. The wavelength range
investigated was from about 2800 to 6000 X. The
thrusters used in this investigation represent the
latest state-of-the-art design.
Experiment
Experimental arrangement. Two 30-cm diameter,
hollow cathode mercury bombardment thrusters were
arranged in a 7.6-meter diameter by 18.3-meter long
vacuum tank as shown in Fig. 1. The thrusters
were located at different positions relative to the
optical detecting system. These positions are
labeled A and B to facilitate discussion. The dis-
tance between the thruster at location A and the
viewing port of the optical system was 1.1 meters.
For the thruster at location B this distance was
4.3 meters. For thruster location A the optical
line of sight and the thruster axis were coplanar;
whereas for thruster location B, the plane of the
thruster axis was about 0.3 meter above the plane
of the optical line of sight. The angles formed by
the optic axis and the thruster axes are 137° for
thruster position A and 122.5° for thruster posi-
tion B.
The thrusters incorporated the most recent de-
sign concepts,(3) including high perveance "dished
grid" optics. A plasma bridge neutralizer™' was
used to provide electrons for ion beam neutraliza-
tion. The net ion beam extraction voltage was
800 to 1000 volts, and the accelerator voltage was
-400 to -500 volts for both thrusters. Thruster
beam currents were 1.5 amperes and propellant uti-
lization generally exceeded 85 percent in all tests.
The thrusters were operated separately for each
test in which spectral data were obtained. During
thruster operation the vacuum tank pressure was
maintained at approximately 10"' torr, rising about
a decade in the vicinity of the thruster.
Optical system. A 0.5 meter, focal-length
Ebert mount, plane grating monochromator with
matched entrance and exit slits was used to measure
spectral radiances resulting from radiation emanat-
ing from regions downstream of the thrusters. A
schematic drawing of the optical system is shown in
Fig. 2(a). The effective entrance aperture con-
sisted of a 2.5 cm thick by 15.2 cm diameter quartz
window mounted at a 30-cm diameter vacuum tank
port. The port was equipped with a gate valve to
facilitate cleaning of the port window as well as
to protect the window against sputter coating from
thruster and facility components when the port was
not in use.
In Fig. 2(a) the relationship between the
viewing port window (entrance aperture) and the
monochromator is shown. The thruster light in the
vacuum chamber represented an extended source, so
that the principal rays shown in the figure defined
the solid angle subtended by the source and the
monochromator entrance slit. Projecting these rays
through the monochromator optics demonstrated that
the grating was completely filled with light. Thus
no condensing lens external to the monochromator
could provide an improvement in illumination at the
exit slit of the monochromator.^) jn this case
the photon flux to the detector is proportional to
the solid angle defined by the ratio of the grating
area to monochromator focal length.'-*>"'
A photomultiplier detector was used so that a
voltage output proportional to the radiant flux
transmitted by the monochromator was produced. The
response curve for the type S-13 photo detector
used is shown in Fig. '3.C') in the figure this re-
sponse is compared to the S-20 response often used
in star tracker navigational systems.W Both
types have the greatest sensitivity from about
4000 to 5000 8. Unlike the S-20, however, the S-13
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photo detector has a relatively high response to
radiation at wavelengths below 3000 A, thus per-
mitting radiance measurements over a wider wave-
length range. In the present experiments, the
phototube bias was maintained at 1400 volts. The
magnitude of this voltage determines the amplitude
of the measured radiation output, and thus must be
the same value for both calibration and thruster
data.
The plane grating was designed to provide max-
imum radiant energy in the first order spectra at
4000 8, so that instrument sensitivity was greatest
at wavelengths of greatest phototube sensitivity.
The grating could be rotated to allow analysis of
the spectrum between 2800 and 6000 8. The ruled
area of the grating was 27 cm2.
System calibration. The optical system was
calibrated using a National Bureau of Standards
spectral radiance standard.'") This was a tungsten
filament lamp operating on a dc current of 35 am-
peres. The calibration was performed with the
optical arrangement shown in Fig. 2(b). The varia-
tion of window transmissivity with wavelength was
determined by comparing the photo tube signal with
and without the window in the optical path. The
radiant flux Ix (W/cm2) incident on the detector
can be found from the known spectral radiance Q(X)
(W/(cm2)(u)(sr)) of the lamp
R(x)Q(x)(a)n (1)
where R(\) accounts for transmission corrections,
£) is the solid angle (steradians) subtended by the
monochromator grating at the exit slit, i is the
band width determined by the product of slit width
(200 y) and the monochromator dispersion (16 8/mm)
and was equal to 3.2*10"^  y for all measurements.
(All symbols are defined in appendix A.)
Unlike the thruster produced radiation, the
strip filament of the calibration lamp did not pro-
vide an extended source of light to the monochrom-
ator. Hence, a condensing lens was required to
provide the illuminance at the monochromator en-
trance slit needed to fill the grating completely
with light. Also, to provide calibration data at
the same slit width used in measuring thruster ra-
diances (200 y), neutral density filters were used
to attenuate the incident signals from the lamp.
Thus it was necessary to correct for transmission
losses through the lens and filter combination in
order to use the calibration data to obtain
thruster radiances. The transmissivity of the lens
was 0.9 over the wavelength range of interest. The
variation in transmissivity of the filters with
wavelength was less than 2 percent for a signal re-
duction by a factor of the order of 10"^ .
The radiated power from the lamp dropped off
rapidly below 3000 8, so that the calibrated re-
sponse was least accurate below this wavelength.
This lack of accuracy results from stray light ef-
fects, which may account for more than 10 percent
of the detected signal below 3000 8. Above this
wavelength, the stray light contribution was ex-
pected to be less than 1 percent.
The response curve determined in the above
manner was used to obtain spectral radiances from
measurements of the downstream radiation produced
by the thrusters. This was possible because the
amplitude of the signal response at a given wave-
length was proportional to the radiant flux trans-
mitted through the monochromator to the photodetec-
tor. Because pen deflection on a chart recorder is
proportional to the voltage output of the photomul-
tiplier tube, the calibrated detector response is
determined in units of watts per cm2 per inch of
deflection.
A comparative measurement of the NBS cali-
brated lamp radiant flux was made using a cali-
brated thermopile radiometer. Two band pass fil-
ters with bandwidths at half-maximum of 100 8 were
used with the thermopile radiometer and the NBS
lamp as the source. The peak responses of the
filters were at 4030 and 5480 8. A calculation of
the integrated radiant flux from the NBS lamp with
appropriate filter transmission corrections was
compared to the thermopile output using tabulated
lamp radiances. The two methods gave radiant flux
values that agreed to within 16 percent at 4030 8
and 29 percent at 5480 8.
Measurements of tank wall reflection. Associ-
ated with the problem of simulating space radiation
effects in a vacuum facility was the possibility of
tank wall reflection of thruster discharge chamber
light. In the experiment, the section of tank wall
intercepted by the optical line of sight was
blackened (see Fig. 1). In order to measure the
effectiveness of this blackened surface in reducing
reflected light into the detector, a 1000-watt
tungsten-iodide lamp was mounted at thruster loca-
tion B (Fig. 1) and used to illuminate the tank.
An image of the blackened wall area was formed on
the monochromator entrance slit.
In appendix B, a reflectance factor f(X) is
defined in terms of the wall reflected lamp signal.
From measurements of this factor and the analysis
given in the appendix, it was concluded that the
reflected signal from the blackened wall was
negligible.
Experimental results. Separate measurements
of the beam spectral radiances were made for
thrusters operating at the two locations. The re-
sults are tabulated in Table 1. Spectral radiance
values ranged from 10~H to 10~9 W/(cm2)(sr) vary-
ing with wavelength. The spectral radiance of the
3560 8 transition was greater than contributions
from other transitions by at least a factor of two.
The wavelength range investigated was from 2800 to
6000 8. The minimum detectable spectral radiance
in these experiments was 2xlO~-'-2 W/(cm2)(sr). Only
those transitions whose radiance exceeded this
lower limit in first order are recorded.
The resonant line at 2537 8 was also observed
in second order. The amplitude of this second
order line at 5074 8 was greater than any other
observed line, yielding a radiance value of
2xlO~8 W/(cm2)(sr). Thus, one would expect that
other resonant lines in the ultraviolet (e.g., at
1850 8) would also be quite intense.
Excitation of the mercury ion at 2815 8 was an
interesting feature of the investigation. This
line was also observed in bur earlier spectro-
graphic work. It represents a forbidden transition
from the 6s^ 2D^/2 metastable state of single
ionized mercury. Its existence in the spectrum
may be due to direct excitation from the ground
state of the atom or ion, or it may represent the
last step in a cascade process from higher lying
states of ion excitation.. In our earlier work(2)
it was argued that the 6s2 2D^/2 state is popu-
lated from the 62 Pj/2 level as a result of exci-
tation collisions in the discharge chamber. The
resulting metastable ions may then be extracted as
beam ions, eventually decaying to the 62 8^/2 ion
ground state. The calculated lifetime of this
metastable state^10) is of the order of 0.02 sec.
Discussion of Results
Source of observed radiation. Over the wave-
length range of 3000 to 6000 X the dominant light
flux is due to excitation of atomic mercury. There
was evidence to indicate that the excitation of
thruster neutral efflux by beam neutralizing elec-
trons was the dominant process. Radiance levels
appeared to be sensitive to large changes in the
neutralizer to beam coupling voltage, increasing
sharply when this voltage rose as a result of low-
ered neutralizer flow rate. The coupling mechanism
determines the effective electron energy and thus
the degree of excitation. Further work is required
in this area before a full understanding of the
processes producing the observed atom excitations
can be achieved.
Comparison of measured radiances to naviga-
tional star signals. The range of radiant power
densities in the visible spectral region from navi-
gational stars such as Canopus and Polaris are
shown in Fig. 4.' ' Here the total radiant power
density in W/cm2 is plotted as a function of
stellar visual magnitude. Navigational star photo-
visual power densities above the Earth's atmosphere
fall in the range lO"12 to 10"13 W/cm2. Polaris,
which has a power density of 1.2x10'^  W/cm2, will
be used to compare the magnitude of thruster beam
background to star signal. Assuming a star tracker
is located relative to a thruster as indicated in
Fig. 1, the following analysis may be pursued.
A photo-emissive current due to the star light
flux without background radiance may be defined as:
the signals
L
>0.8u
3u
M(X) • F(X)dX (2)
where A(cm2) is the effective area of the star
tracker entrance aperture, M(X)(1»12) is the star
spectral power density in watts/(cm2) (y), F(X)(?)
in this case is an S-20 phototube radiant sensi-
tivity in amperes/watt. A photo-emissive current
due just to thruster background light flux is ex-
pressed as:
0.8p
i, = ASb X=0.3y
N(X)F(X) (3)
where 6 is the angular width of a field of view
of square cross section, N(X) is the measured back-
ground radiance (in W/(cm2)(sr)). The summation
is over the discrete mercury spectrum character-
istic of the radiation downstream of a thruster.
No attempt was made to evaluate the photosensor
signal to noise ratio. Table 1 may serve as back-
ground radiance input for evaluation of the signal
to noise ratio of a particular star tracker config-
uration. The magnitude of a photosensor output
current due to the thruster beam background and the
Polaris light flux are considered to be two inde-
pendent measurements. The relative magnitude of
0.8u
>^
e N(X) - F(X)
X=0.3u
is /-O.Sy
Jo.3v
M(X) • F(X)dX
is shown in Fig. 5. For thruster locations A and B
(Fig. 1), the background and Polaris signals are
equal for fields of view of 28 and 65 arc minutes,
respectively.
Star trackers generally use modulation of the
light flux at the field aperture and may also in-
corporate an image dissector at this aperture to
reduce background effects.^3' Using such a modu-
lated system, an instantaneous field of view of
10 arc minutes would yield a background to Polaris
signal ratio of 0.1 for thruster location A. Using
this modulation process with an image dissector an
instantaneous field of view as low as 1 arc minute
may be obtained. For an instantaneous field of
view of 1 arc minute the ratio of thruster back-
ground radiant flux to Polaris radiant flux signals
would be of the order 0.001 for thruster location A.
Results shown in Fig. 5 further indicate that the
thruster exhaust beam interference is reduced by
approximately a factor of 8 when Canopus is the
navigational reference.
The preceding analysis is based on the assump-
tion that a star tracker would be required to view
through the thruster exhaust as shown in Fig. 1.
The results of Fig. 5 indicate viewing the thruster
exhaust in a region of lower neutral density (e.g.,
thruster position B) decreases the background ef-
fect by a factor of 5. A star tracker viewing out-
side the 2ir solid angle defined by the beam exhaust
direction (Fig. 1) should encounter essentially no
thruster background interference.
It should be noted that although mercury reso-
nant radiation may have intensities at least 10
times greater than the strong 3650 8 transition,
the wavelengths corresponding to this type of radi-
ation are in the ultraviolet and would be outside
the normal tracker sensitivity.
Extrapolation of results to UV and IR. Al-
though the ultraviolet and infrared regions of the
spectrum lie outside the range of sensitivity of
star tracker systems, other devices on board a
spacecraft, such as spectrometers and radiative
temperature sensors, could be affected by contami-
nant radiation of the type described herein. The
strong resonant line at 2537 A previously mentioned
as having been observed implies the existence of
other strong resonant radiation at 1650, 1850, and
1942 A*. In addition, other ultraviolet lines were
observed in second order (e.g., at 2815 and
2262 A). There are known strong mercury lines in
the infrared at 10 140 and 11 287 X.C1*) All such
lines may present a potential source of interfer-
ence to various types of scientific experiments on
a spacecraft.
Guidelines to reduce interference with optical
sensors. As a result of the information generated
in the present investigation, the following guide-
lines should be considered relative to thruster
radiative interference with optical systems.
(a) If possible, locate view axes of the opti-
cal systems on board a spacecraft so as not to view
downstream of operating thrusters. All data in the
present study were obtained viewing through the
thruster beam exhaust. Data indicate that thruster
beam radiance substantially decreases as the view-
ing angle of the optical sensor is directed toward
regions of lower mercury neutral density.
(b) If the star tracker viewing angle must
intersect the thruster exhaust, thruster background
interference may be reduced by operating the opti-
cal system with a sufficiently small field of view
along with light baffles to reduce reflection. For
example, the Polaris signal from an optical system
viewing through the exhaust one meter downstream
of the thruster would be approximately 1000 times
greater than the thruster background effect. In
this case the optical system would employ light
flux modulation, image dissection, and an instan-
taneous field of view of 1 arc minute.
(c) During spacecraft acquisition for which a
star tracker field of view of a few degrees may be
employed, a poorly chosen sensor view angle could
yield deleterious results. Here, of course, it is
assumed that mission requirements would dictate
that a 30-cm diameter thruster be operational dur-
ing the spacecraft acquisition.
(d) Improvements in thruster technology may
reduce downstream atom densities and neutralizing
electron coupling energy. Both parameters are di-
rectly related to the radiation produced in the
thruster beam. At present, there is insufficient
data available to fully understand all the ramifi-
cations of such technological improvements on the
level of downstream radiation. To gain such under-
standing, more work is required in determining the
source of the observed radiation.
(e) For some missions it is possible to sub-
stitute a sun sensor(15) for spacecraft control
functions. In such cases the problem of thruster-
produced radiation would have to be investigated
as a possible source of sensor interference. Be-
cause the solar radiant power density is much
larger than stellar radiant power densities, the
interference problem should be less for sun sensors
than for star trackers.
A more complete appraisal of the problem of
optical radiation interference described herein
will require experiments with prototype systems.
In such experiments the geometrical relationship
between the thruster and optical instrumentation
for a given spacecraft would be investigated.
Concluding Remarks
A 0.5-meter focal length, plane grating mono-
chromator was used to measure the radiance of spec-
tral radiation emanating from regions downstream of
a mercury bombardment thruster. The wavelength
range investigated was 2800 to 6000 8. This radi-
ation was due primarily to the radiative decay of
excited mercury atoms exhausted from the thruster.
Radiance values ranged from 10"^  to 10~9 w/
(cm^ )(sr), varying with wavelength. For resonant
radiation, the spectral radiance may exceed
10~8 W/(cm2)(sr). These values are accurate to
within 29 percent, based on thermopile radiometer
measurement of the calibration source. Extrapo-
lating the results to the ultraviolet as well as
the infrared suggests that thruster -produced radi-
ation could also interfere with UV .and IR sensitive
experiments on board a spacecraft.
From such radiance measurements, it was con-
cluded that thruster background radiation should
not interfere with the control functions of a star
tracker viewing through the thruster exhaust, pro-
vided that the tracker is designed to operate with
a sufficiently small field of view. Problems may
be encountered, however, during the spacecraft ac-
quisition phase where a larger field of view may be
required. Here the thruster exhaust radiation may
be comparable to the star light flux. This problem
may be circumvented by locating the tracker view
axis so as not to view downstream of an operating
thruster. The thruster radiative interference
should be negligible in this case due to the low
concentration of neutral mercury in the tracker
field of view. Further investigations with proto-
type thruster systems will require simulation of
specific star tracker configurations in order to
assess the full extent of the problem and the pro-
posed remedies.
Appendix A
Symbols
2
A entrance aperture area, cm
ch subscript denoting thruster chamber
F(X) phototube radiant sensitivity, A/W
f(X) fraction of phototube signal due to re-
flected light, defined by eq.. (Bl)
I, radiant flux of standard lamp, W/cm
i star flux current, ampere
L superscript denoting lamp
2
M(X) star spectral power density, W/(cm ) (y)
N(X) thruster background radiances, W/(cm )(sr)
2
Q(X) spectral radiance of lamp, W/(cm ) (sr)(u)
R(X) transmissivity of the optical system
S(X) phototube signal, ampere
T superscript denoting thruster
v subscript denoting volume
A bandwidth, u
9 angular field of view, radian
X wavelength, A
£3 solid angle subtended by monochromator exit
slit, sr
Appendix B
The Effect of Tank Wall Reflection
A 1000-watt tungsten-iodide lamp was used to
illuminate the vacuum facility cryowall. If the
radiant flux from the lamp, as recorded by the
phototube, was S L (X) , and if the reflected signal
was denoted as S^ (X), then the reflected fraction
f(X) could be written as
f(X) (Bl)
The measurements of S^ (X) and SL(X) yielded an
upper bound on f(X) as a function of X. The re-
sults were that for wavelengths between 3500 and
6000 X, f(X) < 10~6.
These results were applied to measurements ob-
tained using the thruster as the source. Here it
was assumed that f(X) was independent of the
source, so that the f(X) values obtained from the
lamp could be applied to the thruster. The
thruster produced signal ST(X) resulting from
downstream radiation could be represented by the
relation
ST(X) (B2)
where s|(X) was the wall reflection contribution
and S^ (X) was the signal due to radiation emanat-?
ing from processes in the tank volume. In this
case
f(X)S*h(X) (B3)
where s£h(X) was the signal at wavelength X
emanating from the thruster ionization chamber.
Thus the fraction of the total signal received by
the monochromator that was attributable to the tank
volume was given by the relation
i - f (x)/ + f(x)
For the measurements to be representative of signal
levels that might be observed in space, we must
have
f(X) «
ch (B5)
Measurement of the volume signal to thruster
chamber signal ratio 14 cm downstream of the
thrusters yielded a value of 3xlO~3 at 3650 X,
which was 10^ times as large as the measured upper
limit of f(X) at this wavelength. Thus condi-
tion (B5) was satisfied suggesting that the contri-
bution from wall reflection to the detected signal
levels obtained viewing downstream of the thruster
was negligible.
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Table 1 Measured spectral radiances
from regions downstream of operating
mercury bombardment thrusters
Wavelength,
8
2815
2847
2967
3021-3023
3125-3131
3650-3663
4047
4078
4347
4358
4916
a5074
5461
Spectral radiance N ( X ) ,
W/cm2 ster
Thrueter
location
A
7xl<r10
<2xlO-H
7x10-11
lxiQ-10
2xlO~10
2xio-9
2xlQ-10
5X10-U
2x10-11
4xio-10
2X1Q-11
2xlO"8
4xlO-10
Thruster
location
B
8x10-11
9X1Q-U
2x10-1°
5x10-11
gxio-11
IxlO-10
aSecond order 2537 X.
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